The dynamin superfamily comprises a growing assortment of multi-domain GTPases, found from bacteria to man, that are distinguished from typical GTPases of the Ras, Rab and G-protein families by their modular structure (Figure 1 ), relatively large size (>70 kDa), and low affi nity for guanine nucleotides. In addition, they display a conserved propensity to selfassemble into polymeric arrays, the dynamics of which are regulated by an autonomous, assembly-stimulated GTPase activity.
Many members of the dynamin superfamily, including the most prominent ones (Table 1) , participate in various membrane-remodeling events, including the fi ssion and fusion of intracellular traffi cking vesicles and large organelles (for example, mitochondria and chloroplasts), as well as in whole-cell division (that is, cytokinesis). However, other dynamin superfamily members (such as the Mx proteins) function entirely independent of membranes, and confer properties such as viral resistance to the host cell. In fact, nearly all dynamin family members exhibit both membranedependent and membrane-independent activities. Thus, membrane remodeling appears to be a major facet, but not the sole function, of the dynamin superfamily.
Here, we describe the various structural, biophysical, and biochemical properties of the dynamin superfamily, which refl ect their distinct functions in the cell, and point toward future directions that may enable a more comprehensive understanding of these fascinating mechanoenzymes.
Classifi cation made simple
By virtue of being the fi rst elucidated, the family namesake 'dynamin' has also served as the prototype for the identifi cation and classifi cation of other family members, the so-called 'dynamin-related proteins' or DRPs, membrane fusion DSP, OPA1 (Table 1) , which bears structural and functional features of both fi ssion and fusion DSPs (see below). The membraneindependent scaffold group includes Mx proteins and GBPs, but may also accommodate fi ssion DSPs such as Drp1 and Dyn2, which form helical scaffolds in solution and can exhibit membrane-unrelated functions such as regulation of the actin cytoskeleton.
Evolutionarily conserved structural features of DSPs
The mechanochemical core The structurally conserved mechanochemical core of all DSPs is composed of the GTPase (G) domain together with a helical bundle 'stalk' that determines the higher-order oligomerization properties of DSPs (Figure 1 ).
GTPase or G domain
The G domains of DSPs are considerably larger (~300 aa) than that of Ras-related GTPases (~180 aa) and include various insertions that extend the canonical GTPase fold and confer DSP-specifi c biochemical and biophysical properties (Figure 2A,B) . A second distinguishing feature Primer across various phylogenetic kingdoms. Thus, for this historical reason, isoforms of prototypical dynamin are referred to as 'classical dynamins', as opposed to the more structurally and functionally diverse DRPs, which now constitute the vast majority of this superfamily. However, a growing body of evidence suggests that the DRPs signifi cantly pre-date classical dynamins, which are likely an invention of latter-day metazoan evolution. We therefore suggest that DRPs be referred to as 'ancient' dynamins, whereas the classical dynamins be termed 'modern' dynamins.
Dynamin superfamily proteins or DSPs (which include both ancient and modern dynamins) can be divided into 'fi ssion', 'fusion' and 'membrane-independent scaffold' groups, based on overall differences in domain architecture and fold, as well as in various biochemical and biophysical properties. Fission DSPs are cytosolic proteins that are recruited peripherally and reversibly to membranes; whereas fusion DSPs are nearly all anchored in membranes via predicted transmembrane segments. An intriguing exception to this classifi cation is the mitochondrial inner R412 Current Biology 28, R367-R420, April 23, 2018
is the capacity of DSP G domains to homodimerize in a nucleotideregulated manner (Figure 2C ). The G domain dimer is stabilized in the transition state and disassembles upon cooperative GTP hydrolysis and phosphate release. G domain dimerization in fi ssion DSPs, which form ordered helical arrays around membrane tubules, occurs between adjacent rungs of a helical polymer; whereas in fusion DSPs, which predominantly form fl at lattices, it occurs between apposing membrane bilayers. In some DSPs such as Drp1 and Mx, nucleotide-dependent G domain dimerization and cooperative GTP hydrolysis may also occur upon self-assembly in solution. The G domain dimerization interfaces are substantially smaller in fusion DSPs (for example, the mitofusin Mfn1) than in fi ssion DSPs (such as Dyn1). This difference could account for a relatively poor affi nity for guanine nucleotides and a much-reduced rate of cooperative GTP hydrolysis in fusion versus fi ssion DSPs.
The stalk
The discontinuous middle/GTPase effector domain (GED) regions of fi ssion DSPs, and the bipartite helical-bundle (HB) regions of fusion DSPs, HB1 and HB2 (Figure 1 ), constitute a four-helical bundle stalk (with the exception of the three-helical bundle atlastins) that mediates higher-order self assembly and lattice formation. In fi ssion DSPs, the basic building block is a dimer, shaped by the crisscross association of the stalks through the conserved, hydrophobic interface 2. The stalks, oriented upright on the membrane surface, also create interfaces 1 and 3 at their membranedistal and membrane-proximal ends, respectively, that participate in radial, dimer-dimer interactions and mediate helical self assembly ( Figure 2D ). In Drp1 and Mx, a fourth interface (interface 4) midway up the stalk also participates in lateral dimer-dimer interactions. The stalks also provide an interface for docking various membrane-interacting elements (for example, the dynamin PH domain and the Drp1 variable domain) that originate from, and are fl exibly tethered to, its membrane-proximal base ( Figure 2D ). Docking of the membrane-interacting elements sterically obstructs access to interface 3 and prevents the premature self assembly of these DSPs in the absence of specifi c target membrane interactions. Stable membrane association exposes interface 3. Thus, fi ssion DSP stalks encode an autoinhibitory mechanism that controls self assembly.
By contrast, the building blocks of fusion DSPs are monomers, which reversibly dimerize via their G domains as well as their stalks in a nucleotidedependent manner. Fusion DSP dimers also self-assemble to create organized lattices that may or may not be helical. In particular, the stalks of fusion DSPs such as the bacterial dynamin-like protein (BDLP) and the mitofusins Mfn1/2 are separated into two halves (namely HB1 and HB2) that are connected by loops that function as a fl exible hinge (Figure 1 ). HB1 and HB2 of BDLP adopt a bent, U-shaped confi guration relative to each other upon GTP hydrolysis. The base of HB2 is connected to membrane-interacting elements (such as the transmembrane segments of Mfn1/2 and the paddle region of BDLP) that integrate with the membrane bilayer.
Bundle signaling element or BSE
The BSE is a structurally distinct module composed of helices derived from the amino-and carboxyl-termini of the G domain and the carboxylterminus of GED (Figures 1 and 2) . In fi ssion DSPs, the BSE connects the G domain to the membrane-distal end of the stalk and undergoes a dramatic, swivel-like conformational Figure 2B ) functions to regulate G domain dimerization essential for cooperative GTPase activity.
A much larger intrinsically disordered polypeptide region, the variable domain/B-insert, is located at the base of the stalk connecting the middle and GED. In the absence of target membrane interactions, the Drp1 variable domain, which selectively binds the mitochondrion-specifi c phospholipid cardiolipin, auto inhibits Drp1 higher-order self assembly. The yeast Dnm1p variable domain, which shares only 9% identity with the mammalian Drp1 variable domain, directly binds protein adaptors that recruit Dnm1p to the mitochondrial surface, whereas the variable domain of yeast Vps1p apparently binds both lipids and SH3 domain-containing binding partners that aid in membrane remodeling.
Dynamin -the PH domain and PRD
The unstructured inserts of the ancient dynamins are supplanted in modern dynamins by the structured, membrane-binding pleckstrin homology (PH) domain and a carboxyterminal, unstructured Proline/ Arginine-rich domain (PRD) (Figure 1 ). Modern dynamins lack any elements corresponding to the 80-loop/A-insert in the G domain ( Figure 2B ). However, like the Drp1 variable domain, the dynamin PH domain, which selectively binds phosphatidylinositol-4,5-bisphosphate, also functions to restrict helical dynamin self-assembly Overlay of the Dyn1 (grey) and Drp1 (green) G-domain structures showing the Drp1-specifi c 80-loop intrinsically disordered polypeptide segment that also contains the A-insert in select splice variants. (C) Structure of the nonhydrolyzable GMPPCP-bound Dyn1 G-domain dimerization interface (boxed) with the BSE (magenta) projecting outward. Shown in the boxed region are the highly conserved P-loop (G1, purple, residues 36-45), switch I (G2, yellow, residues 60-70), switch II (G3, orange, residues 136-153), and G4 (grey, residues 205-216). Also shown are the transstabilization loop (red, residues 176-188) and the dynamin-specifi c loop (blue, residues 236-246). The guanine cap or G5 (residues 233-239) is contiguous with and leads into the dynamin-specifi c loop. Arrows depict the projected 70 inward movement of the BSE during the transition state of GTP hydrolysis. (D) Crystal structure of the dynamin tetramer shows the crisscross arrangement of each dimer (dashed lines represent one dimer) along with the various interfaces (labeled) that mediate and regulate helical self-assembly.
R414
Current Biology 28, R367-R420, April 23, 2018 in the absence of target membrane interactions. A hydrophobic loop (variable loop 1) within the electrostatically polarized PH domain inserts partially and reversibly into the membrane bilayer to regulate dynamin polymer dynamics and facilitate membrane constriction for fi ssion.
The PRD, which is the most variable amongst the modern dynamins, binds to multiple SH3-and BAR-domaincontaining interaction partners, which function to recruit dynamin to sites of endocytic vesicle formation and fi ssion.
Lipid interactions-transmembrane, paddle and amphipathic helices
Lipid interactions with fusion DSPs are mediated by various structured elements located at the base of the HB stalks. In BDLP, a hydrophobic 'paddle' at the base of HB2 (trunk) apparently inserts into and anchors BDLP in the membrane bilayer (Figure 1 ). Predicted transmembrane segments similarly positioned in Mfn1/2 and atlastins participate in higher-order self assembly and lattice formation. Remarkably, the predicted transmembrane segments of Mfn1/2 are short and debatably form a hairpin loop structure that might not completely traverse the membrane bilayer, a confi guration that likely aids membrane fusion. In addition, in both Mfn1/2 and atlastins, amphipathic helices fl anking the transmembrane segments on one (the carboxylterminus in atlastins) or both (Mfn1/2) ends are involved in organellar targeting and in local membrane perturbation essential for fusion.
OPA1 -the Janus-faced hybrid DSP?
Counter to the conserved architecture of the fi ssion and fusion DSPs, mammalian OPA1 and orthologous yeast Mgm1p contain an aminoterminal transmembrane domain that is connected to a more centrally located, intermitochondrial spacefacing G domain via an intervening coiled-coil region. However, the carboxy-terminal regions that follow the G domain of OPA1 are architecturally more similar to fi ssion than to fusion DSPs. OPA1, like dynamin and Drp1, contains well-defi ned middle and GED regions that are connected by another predicted intrinsically disordered polypeptide region reminiscent of the Drp1 variable domain. The OPA1 variable domain appears to also mediate specifi c interactions with cardiolipin. Transmembrane domainanchored OPA1 (referred to as long or l-OPA1) thus has the capacity to bridge distal membrane surfaces via secondary peripheral membrane interactions mediated by the variable domain located at the base of its stalk, and tether membranes for fusion. Interestingly, the transmembrane anchor undergoes regulated proteolytic excision to release a shorter, soluble form (s-OPA1) that may function in membrane fi ssion. Indeed, OPA1 activity has been implicated in both mitochondrial inner membrane fusion and fi ssion.
The core machinery -Mx and GBP Mx proteins are minimal DSPs that conserve only the mechanochemical core. Nevertheless, MxA and MxB constitute architecturally similar crisscross dimers and helical scaffolds in solution. In contrast to fi ssion DSPs, however, Mx proteins form nucleotideindependent helical polymers in solution that rapidly disassemble upon GTP binding. A short L4 loop at the base of the stalk in MxA and an extended amino-terminal sequence leading into the BSE in MxB confer target specifi city in viral protein binding and the inhibition of viral replication. The molecular mechanisms remain unclear. Purifi ed MxA also binds and remodels negatively charged liposomes in vitro, the physiological signifi cance of which is still poorly understood.
GBPs are largely dissimilar in 3D structure to both fi ssion and fusion DSPs as well as to Mx proteins. The much simpler, constitutively monomeric GBPs consist of an amino-terminal G domain followed by a disparate, elongated helical bundle region, albeit with a dynaminlike U-shaped fold. GBPs undergo nucleotide-dependent G domain dimerization and stalk-mediated self-assembly. Human GBP1 (hGBP1) reversibly interacts with membranes via farnesylation of a carboxy-terminal CaaX motif (where 'a' is an aliphatic and X is any residue) and a polybasic stretch adjacent to the lipid anchor. Farnesylated hGBP1 has also been shown to tether membranes in a GTPdependent manner in vitro. How these properties confer antiviral, antibacterial and anti-proliferative effects to the host cell in vivo remains to be determined.
Biochemical and biophysical properties of DSPs
Oligomeric state, basal and assembly-stimulated GTPase activities Many DSPs exhibit a basal GTP hydrolysis rate in solution that is dramatically stimulated upon reconstitution in, or self-assembly on, target membrane templates. The physiological relevance of these two distinct yet critical enzymatic activities is best exemplifi ed by dynamin, which remains the most extensively characterized DSP.
The basal GTPase activity (~ 0.5-2 min -1 ) of dynamin emanates from tetramers prevented from further assembly by auto-inhibitory interactions between the PH and stalk domains ( Figure 2D ). Higher-order self assembly into helical polymers around phosphatidylinositol-4,5-bisphosphate-containing membrane templates stimulates GTP hydrolysis by  200-fold. In the cell, the basal GTPase activity of dynamin functions to regulate the maturation of endocytic pits by as yet poorly understood mechanisms. Interactions with various SH3-and curvature-generating BAR-domaincontaining proteins, in combination with the topological trigger of an appropriately curved, tubular membrane neck results in the self-assembly of dynamin helices around the necks of deeply invaginated endocytic pits. The resultant assembly-stimulated GTPase activity elicited by helical interrung G domain dimerization supports mechanoenzymatic constriction of the membrane tube for fi ssion, as well as the consequent disassembly of the dynamin polymer. The basal GTPase activities of Drp1 and soluble OPA1 also undergo a robust stimulation upon helical self assembly on cardiolipincontaining liposomes that mimic mitochondrial membranes.
In solution, many ancient DSPs, as well as dynamins in low salt buffers, can form higher-order helical oligomers independent of a membrane template and/or nucleotide. Under these conditions, the elevated GTPase Current Biology 28, R367-R420, April 23, 2018 R415 and S41 in the P-loop and switch I of the partner domain to position them for effi cient catalysis.
Attesting to the distinct mechanisms of basal and assembly-stimulated GTP hydrolysis, mutation of highly conserved P-loop residues Q40 and S41 selectively impairs assemblystimulated GTP hydrolysis without signifi cantly altering basal GTPase activity. Importantly, in vivo, the Q40E mutant blocks clathrin-coated pit maturation at a later step than does S45N, a mutant defective in GTP binding, suggesting that the basal activity likely refl ects an equilibrium whereby GTP binding and hydrolysis drive a dynamic cycle of nucleotidedependent helical assembly and disassembly.
For constitutively monomeric fusion DSPs (such as BDLP, Mfn1/2, and atlastins) that dimerize only in the presence of nucleotides, the basal and assembly-dependent GTPase activities are not distinguishable and obligatorily involve G domain dimerization. For lipid-modifi ed hGBP1, which mediates membrane tethering, the basal GTP hydrolysis rate, which is greatest upon GTP hydrolysis-dependent ring assembly and stacking in solution, is substantially diminished upon stack disassembly and subsequent membrane anchoring, an effect opposite to that of dynamin. BDLP, yeast Vps1p and Dictyostelium Dym A interestingly form ring-like structures in solution, albeit under different nucleotide-bound states.
DSPs thus exhibit a variety of mechanisms that regulate their oligomerization states and enzymatic activities.
Mechanisms of GTP hydrolysis
As for all GTPases, four conserved motifs, the P-loop (G1), switch I (G2), switch II (G3), and G4 ( Figure 2C ), participate in specifi c interactions with the nucleotide base, sugar and phosphate moieties. A fi fth motif, G5 or the guanine cap, conserved only in a subset of DSPs including dynamin and Drp1, also interacts with the base and/or sugar and controls nucleotide-binding affi nity. Fusion DSPs like Mfn1/2 that lack G5 exhibit a substantially lower affi nity for GTP. Homodimerization across the G domain nucleotide-binding pocket leads to cooperative GTP hydrolysis; however, the catalytic mechanisms among DSPs vary greatly. In atlastins and GBPs, an internal 'arginine fi nger' in the P-loop rearranges upon G domain dimerization to counteract the developing negative charge during the transition state of GTP hydrolysis. By contrast, in almost every other DSP including dynamin and Drp1 that lack this catalytic arginine, instead, an identically positioned external monovalent cation (sodium or potassium), stabilized by a conserved serine (S41) in the P-loop, functions similarly.
Best illustrated in dynamin, a key network of hydrogen bonding, main chain and salt-bridge interactions contribute to G domain dimerization and cooperative GTP hydrolysis ( Figure  2C ). These include the dual in cis (within the same G domain) and in trans (across with the partner G domain) coordination of the guanine base by the conserved G4 loop. Another key interaction is the association of switch II with the 'trans stabilizing loop' that, via residue D180, reaches across the G domain dimer interface and forms in trans interactions with residues Q40 Cartoon illustrations of GTP hydrolysis-dependent hinge motions in fi ssion (A) and fusion (B) DSPs that mediate membrane remodeling. (A) Rectangular blocks (blue) represent the fi ssion DSP stalk and stalk-mediated helical self assembly around fi ssion-predisposed tubular membrane necks. A rapid, inward BSE movement upon GTP hydrolysis slides the two helical rungs past one another in opposite directions (arrows) that presumably creates shear for membrane constriction. (B) By contrast, fusion DSPs (modeled on BDLP), which mostly form planar lattices, tether apposing membrane bilayers via in trans G-domain dimerization and pull them toward each other upon the GTP hydrolysis-driven buckling of their elongated structures. This presumably leads to membrane compression (arrows) and destabilization for fusion.
